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ABSTRACT 
During mammalian development the fetus is exposed to the internal chemical 
environment of the mother and as a result is exposed to the same chemicals the mother is 
exposed to daily. Bisphenol A (BPA) is a chemical found in receipts, linings of food 
cans, and dental sealants and is known to leach into food and water and affect human 
health. As a result of its prevalence, pregnant mothers are exposed to this chemical daily 
and therefore their developing fetus is exposed in utero. Additionally, exposure to a 
stressor drastically changes the internal chemical makeup in animals and therefore can 
affect the environment of the developing fetus. Independently, prenatal exposure to BPA 
as well as stress decreases learning and memory, and increases anxiety. This study 
examined the combined effects of prenatal exposure to BPA+stress on learning, memory, 
and anxiety in rats. Three groups of rodents were used in this study: BPA, stress, and 
BPA+stress. BPA was administered daily at a dose of 5 mg/kg of body weight per day 
during pregnancy. Stress was administered via restraint stress for a total of an hour daily 
during pregnancy. Pups were tested at six weeks of age in the morris water maze, 
elevated plus maze, and light dark box. NR2B NMDA receptor subunit levels were 
analyzed using western blotting, as these receptors are critical to the cellular mechanism 
of learning and memory, long-term potentiation. The stress group exhibited greater 
deficits in learning and memory than the BPA group. The combined BPA+stress group 
exhibited no further deficits in learning than the stress group. There was no effect of 
BPA, stress, or the combination of BPA+stress on anxiety or NR2B NMDA receptor 
subunit levels. Based on the results of this study it seems as though there are no additive 
effects of combined BPA and stress prenatal exposure on learning, memory, and anxiety. 
INTRODUCTION 
Both the internal and external chemical environment mammalian mothers are 
exposed to while pregnant can greatly affect the development of their offspring. Pregnant 
mothers are exposed to numerous chemicals daily, which have the potential to affect their 
own health as well as the developing fetus. In addition, bodily processes can be disrupted 
through modulation of the internal chemical environment. For example, internal chemical 
changes occur when the body is exposed to stressful situations. 
The environment a fetus is exposed to in utero can affect development of 
numerous processes in the body, impairing functioning of these systems throughout the 
offspring’s lifetime. Maternal stress during pregnancy is one factor that is known to 
negatively affect the development of the fetus. Additionally, exposure to chemicals can 
also adversely affect fetal development. One chemical that has recently been examined is 
Bisphenol A (BPA). BPA is an endocrine disrupting chemical found in numerous items 
humans use and are exposed to daily. As mothers are commonly exposed to both stress as 
well as BPA during pregnancy it is important to analyze the combined effects of both of 
these factors on their offspring.  
 
The Stress Response 
Exposure to a stressor initiates a cascade of responses within the body that lead to 
major physiological changes. Stressors are defined as noxious or threatening stimuli and 
can range from physical stressors such as being chased, to psychological stressors such as 
the stress surrounding a final exam. All types of stressors initiate the same physical 
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response in which two different systems are activated. First, the sympathetic aspect of the 
autonomic nervous system releases norepinephrine, which stimulates the release 
epinephrine from the adrenal medullae (Nelson, 2011). Epinephrine causes increases in 
cardiovascular function, respiration rate, and blood flow as well as elevates blood glucose 
levels (Nelson, 2011). Second, the Hypothalamic-Pituitary-Adrenal axis (HPA axis) is 
activated (Nelson, 2011). Stress causes the release of corticotropin releasing hormone 
(CRH) from the hypothalamus to the anterior pituitary gland. The release of CRH 
stimulates the anterior pituitary gland to release adrenocorticotropin hormone (ACTH) 
into the blood stream (Nelson, 2011). ACTH then acts on the adrenal cortices to secrete 
glucocorticoids, specifically cortisol or corticosterone, into the blood stream (Nelson, 
2011).  
Glucocorticoids bind to two types of receptors, mineralocorticoid receptors (Type 
I) and glucocorticoid receptors (Type II). Glucocorticoids preferentially bind to Type I 
receptors at a higher affinity than the Type II receptors. However, during stressful 
situations, when glucocorticoids levels are high, Type II receptors become occupied and 
therefore the cellular responses initiated by these receptors are activated.  
Glucocorticoids initiate negative feedback on the HPA axis. When glucocorticoid 
levels are high, they bind to receptors in the hypothalamus, and the anterior-pituitary 
inhibiting the further release of CRH and ACTH respectively and thus, inhibiting over 
activation of the stress response system.  
Ultimately the stress response system increases availability of energy and oxygen 
intake, decreases blood flow to unnecessary organ systems, decreases pain perception, 
! -3- 
increases immune function, and inhibits processes that are unnecessary for immediate 
survival such as digestion, growth, and reproduction (Nelson, 2011).  
 
Acute versus Chronic Stress 
In the short term, stress helps animals during dangerous situations by redirecting 
the ways in which the body uses its energy. In a stressful situation, the body reroutes 
blood flow from areas unnecessary for survival such as the digestive system and 
reproductive system (Al’absi, 2007). When the body is exposed to acute stressful 
situations, certain functions improve such as the ability to learn and acquire new 
information (Lordi et al., 1997; Uysal et al., 2012).  
However, long term or chronic exposure to stressful situations affect the body 
adversely, as it cannot recover from the over activation of the stress response system 
(Juster et al., 2010). Specifically, high levels of stress lead to muscle loss within the heart 
(Covar et al., 2000), inhibit reproductive functioning (Hamilton and Meston, 2013), lead 
to ulcers (Caso et al., 2008) and inhibit growth and repair processes (Detillion et al., 
2004). In addition, adverse changes at the neuronal level are also induced as a result of 
chronic stress. These include reduced neurogenesis (Gould et al., 1990), decreased 
dendritic arborization in hippocampal and cortical neurons (Woolley et al., 1990), and 
decreased levels of brain derived neurotrophic factor, a neurotrophic factor known to 
promote neurogenesis (Smith et al., 1995).  
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Prenatal Stress 
Exposure to chronic stress not only elicits negative affects during adulthood. 
Offspring health can be significantly affected by exposure to prenatal chronic stress. 
Prenatal stress in humans can cause developmental delays, attention deficits, impaired 
social behavior, impaired stress responses, as well as disorders in cardiovascular and 
metabolic functioning as adults (Weinstock, 1997). Additionally, rodent offspring 
exposed to stress prenatally have increased anxiety in comparison to control subjects 
(Vallée et al., 1997; Miyagawa et al., 2011; Souza et al., 2013) as well as decreased 
learning and memory abilities (Lordi et al., 1997; Meek et al., 2000; Szuran et al., 2000; 
Son et al., 2006; Yang et al., 2006; Yaka et al., 2007; Cherian et al., 2009).  
Prenatal stress impairs negative feedback within the HPA axis in adult rats 
resulting in elevated basal corticosterone levels (Henry et al., 1994; Szuran et al., 2000; 
Weinstock et al., 2007). Impaired negative feedback in the HPA axis results from 
decreased hippocampal glucocorticoid receptors (Barbazanges et al., 1996; Szuran et al., 
2000; Weinstock et al., 2007). This decrease in receptors results in fewer signals being 
relayed to the HPA axis to inhibit the release of CRH and ACTH. Therefore, the HPA 
axis remains activated thus releasing glucocorticoids in the blood stream. This continual 
release of glucocorticoids results in elevated basal glucocorticoid levels.  
 
Prenatal Stress Effects on Learning and Memory 
Stress can be both beneficial and detrimental to learning and memory. Acute 
stress exposure can enhance learning (Uysal et al., 2012); however, when animals are 
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chronically stressed learning and memory decreases (Juster et al., 2010). Additionally, 
rodent offspring exposed to prenatal stress exhibited diminished learning and memory 
capabilities (Lordi et al., 1997; Meek et al., 2000; Szuran et al., 2000; Son et al., 2006; 
Yang et al., 2006; Yaka et al., 2007; Cherian et al., 2009). However, in a study in 
humans, stress during pregnancy did not affect the six year old children’s ability to learn 
and remember information (Gutteling et al., 2006). This discrepancy in findings could be 
due to differences in experimental design. In the human study, the stress paradigm was 
not consistent across subjects and could not be manipulated. Therefore, the researchers 
were unable to control for a variety of other factors that could affect the results such as 
stress during childhood or nutritional deficiency. In addition, as the Gutteling et al., 
(2006) study was performed in children, it is unknown whether these children 
experienced deficits in their ability to learn information later in life.  
Additionally, prenatal stress exposure can disrupt the cellular mechanism of 
learning, known as Long Term Potentiation or LTP (Baudry et al., 1993). LTP occurs in 
the hippocampus. LTP only occurs when a series of strong stimuli activate neurons 
within the hippocampus (Baudry et al., 1993). At the synaptic level, the excitatory 
neurotransmitter glutamate is released into the synapse (Baudry et al., 1993). Glutamate 
binds to a glutamate receptor known as the α-amino-3-hydroxyl-5-methyl-4-isoxazole 
proprionic acid receptor (AMPA receptor) (Baudry et al., 1993). The AMPA receptor is 
an ion channel, which opens when glutamate is bound, allowing for depolarization of the 
postsynaptic cell (Baudry et al., 1993). As the cell begins to depolarize the N-methyl-D-
aspartate receptor (NMDA) receptor is opened and calcium ions can flow through the 
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channel portion of the receptor, initiating a cellular signaling cascade (Baudry et al., 
1993). This cascade initiates cellular changes that strengthen the synapse and therefore 
the learning that recently occurred (Baudry et al., 1993). 
In rodents, prenatal exposure to stress reduces LTP (Son et al., 2006; Yaka et al., 
2007) as a result of decreases in subunit expression levels of the AMPA and NMDA 
glutamate receptor. Specifically, the gluR1 subunit of the AMPA receptor (Yaka et al., 
2007) and the NR2B subunit of the NMDA receptor are decreased (Son et al., 2006; 
Yaka et al., 2007). Additionally, prenatal stress exposure reduces the NR1 subunit of the 
NMDA receptor in the hippocampus (Son et al., 2006). The down regulation of these 
subunits decreases the ability of the cells to induce LTP and decreases synaptic 
strengthening, resulting in impaired learning.   
Prenatal stress can affect a wide variety of processes including disrupting learning 
and memory (Lordi et al., 1997; Meek et al., 2000; Szuran et al., 2000; Son et al., 2006; 
Yang et al., 2006; Yaka et al., 2007; Cherian et al., 2009) by decreasing the cellular 
mechanism behind learning and memory, (Son et al., 2006;Yaka et al., 2007) and 
increasing anxiety (Vallée et al., 1997; Miyagawa et al., 2011; Souza et al., 2013;).   
 
Endocrine Disrupting Chemicals 
Due to advances in technology, humans are now expose8d to more chemicals 
daily than ever before. Endocrine Disrupting Chemicals (EDCs) are a class of chemicals 
that have been found to disrupt the endocrine system. According the Environmental 
Protection Agency (EPA), EDCs are defined as chemicals that interfere with the 
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endocrine system such that normal hormonal functioning is disrupted and therefore the 
maintenance of homeostasis is affected (Kavlock et al., 1996).  
 
Bisphenol A 
Given the broad-reaching effects of the endocrine system on reproductive 
functioning and on the development of many systems within the body, EDCs have been 
found to have detrimental affects on bodily processes. Some EDCs include phthalates, 
found in cosmetics and air fresheners, polychlorinated biphenyls, found in coolants and 
lubricants, polybrominated diphenyl ethers which are found in flame-retardants and 
Bisphenol A (BPA), commonly used in plastics, food storage containers, protective 
coatings, flame-retardants, dental sealants, and water supply pipes (Kang et al., 2006). 
BPA acts as an estrogen as well as androgen agonist (Gould et al., 1998; Roy et al., 2004) 
and has been found to impair learning and memory behavior in rats (Poimenova et al., 
2010; Tian et al., 2010; Xu et al., 2010; Jasarevice et al., 2012; Diaz et al., 2013; Fan et 
al., 2013; Kuwahara et al., 2013;Weinstein et al., 2013).  
 
BPA’s Effects on the Stress Response System 
BPA negatively impacts the stress response system of the body (Poimenova et al., 
2010). Specifically, rat mothers exposed to BPA during gestation and lactation have 
female offspring with higher baseline corticosterone levels than male offspring as well as 
higher baseline levels than offspring of both sexes of the control mothers exposed to BPA 
during gestation and lactation (Poimenova et al., 2010). Additionally, basal 
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glucocorticoid receptor levels in the hippocampus were lower in female offspring of BPA 
treated mothers than in male offspring (Poimenova et al., 2010). The decrease in 
glucocorticoid receptor levels indicates impairment in the negative feedback of the HPA 
axis. When glucocorticoid receptors are low there is a decreased feedback given to the 
hypothalamus and the pituitary gland to inhibit the release of CRH and ACTH 
respectively. Therefore, the HPA axis continues to release glucocorticoids in the blood 
stream resulting in high levels of circulating glucocorticoids. Additionally, high levels of 
glucocorticoids could cause the levels of glucocorticoid receptors to decrease even more 
through endocytosis of glucocorticoid receptors. When levels of any chemical are high, 
receptors for that chemical are endocytosed so the response to high levels is decreased 
thus inhibiting over activation of the receptors and therefore the over activation of the 
cellular response. Despite these findings however, Cox et al. (2010), found that mouse 
mothers exposed to BPA during pregnancy had offspring with no significant changes in 
baseline corticosterone levels in comparison to controls. This discrepancy could be due to 
differences in administration method or dosage, which could affect the stress response 
system differently.  
 
BPA’s Effects on Learning and Memory 
Prenatal BPA exposure as well as exposure during adolescence impairs rodents’ 
ability to learn and remember information (Poimenova et al., 2010; Tian et al., 2010; Xu 
et al., 2010; Jasarevice et al., 2012; Diaz et al., 2013; Fan et al., 2013; Kuwahara et al., 
2013;Weinstein et al., 2013). In addition, BPA exposure can affect offspring through 
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paternal exposure with lack of maternal exposure (Fan et al., 2013). Male rats exposed to 
BPA prior to conception produced offspring that exhibited diminished learning and 
memory abilities (Fan et al., 2013). This indicates that BPA may work in an epigenetic 
fashion to affect the offspring’s learning and memory capabilities. BPA may methylate 
the paternal DNA in the germ cells, which would in turn be passed on to offspring. This 
methylated DNA may in turn be related decreased learning and memory abilities as the 
genes that maybe methylated maybe ones crucial to the learning and memory process. 
This aligns with findings by Wolstenholme et al. (2011), which indicate that BPA treated 
rats have increased expression of the Dnmt3A gene. As Dnmt3A is responsible for 
methylation of DNA (Wolstenholme et al., 2012), increased levels of Dnmt3A would 
indicate increased DNA methylation, which results in decreased gene expression. 
Specifically, it can be hypothesized that BPA exposure results in methylation of genes 
that are needed for learning and memory. Therefore, those genes might have decreased 
expression levels and may not be facilitating learning and memory.  
BPA also affects the cellular mechanism of learning and memory through 
modulation of AMPA and NMDA receptor subunit expression. Specifically, BPA 
decreases the expression of the gluR1 subunit of the AMPA receptor in the hippocampus 
in mouse offspring exposed to BPA during gestation and lactation (Xu et al., 2012). This 
decrease in expression of the gluR1 subunit of the AMPA receptor could impair 
hippocampal cells’ abilities to initiate LTP. Lower levels of AMPA receptors decrease 
the amount of depolarization of the postsynaptic neuron resulting in less NMDA receptor 
activation and decreased LTP. If LTP is inhibited, learning cannot occur.  
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Additionally, BPA exposure during gestation through lactation decreases the 
NR1, NR2A, and NR2B subunits of the NMDA receptor in the hippocampus in male 
mouse offspring exposed to BPA prenatally (Xu et al., 2010). Similarly to down 
regulation of AMPA subunit expression, down regulation of NMDA subunit expression 
can impair LTP and therefore can impair learning processes. Lower levels of NMDA 
subunits indicate lower levels of functional NMDA receptors or altered functionality of 
the receptors themselves. In this case the cell depolarizes. However, due to the low 
numbers of NMDA receptors, there is a decrease in calcium ions that enter the cell and 
thus less synaptic strengthening occurs further impairing LTP. Additionally, prenatal 
BPA exposure decreases NMDA receptor binding (Tian et al., 2010). Decreased NMDA 
receptor binding could decrease the ability of the cell to initiate LTP. This decrease in 
binding would decrease LTP, and impair learning and memory.  
 
BPA Effects on Anxiety Responses 
BPA also affects anxiety responses. Specifically, prenatal BPA exposure increases 
anxiety in rats and mice (Cox et al., 2010; Patisaul et al., 2012; Xu et al., 2012 Chen et 
al., 2014;). Additionally, when rats are exposed to BPA during adolescence, anxiety 
increases (Diaz et al., 2013;Weinstein et al., 2013). Despite this evidence, this area of 
research is not completely conclusive. BPA has also been found to decrease anxiety in 
mice offspring when mothers were exposed to BPA prenatally and the offspring were 
continually exposed to BPA after birth (Tian et al., 2010). Further research in this area is 
needed to completely understand how BPA affects anxiety.  
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Current Research Study 
 Prenatal exposure to stress and BPA cause similar behavioral and chemical 
changes in rodents. Both increase anxiety, decrease learning and memory, and decrease 
expression of NMDA and AMPA subunits, which ultimately affect the learning and 
memory processes. However, the combined effects of prenatal stress and BPA exposure 
have not yet been examined. As mothers are commonly exposed to both BPA 
(Schonfelder et al., 2002) and stress during pregnancy it is important to identify the 
effects the combination these two factors have on learning and memory, NMDA receptor 
subunit levels, and on anxiety behavior.  
 Therefore, this study aims to examine the combined effects of prenatal exposure 
to BPA and stress on learning, memory, and anxiety in rodents. I hypothesized that 
prenatal BPA exposure as well as prenatal stress will decrease learning and memory, 
decrease NMDA NR2B receptor subunit expression, and increase anxiety in comparison 
to control animals. Additionally, I hypothesized that the combination of prenatal 
exposure to BPA and stress will further decrease learning and memory, decrease NMDA 
NR2B receptor subunit expression, and increase anxiety in comparison to the prenatal 
BPA exposure and prenatal stress independently. 
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MATERIALS AND METHODS 
Animal Care 
 Eight female and four male Sprague Dawley rats were used in this study. One 
male rat was placed in a cage with two female rats and allowed to mate. Two females 
were randomly allocated to each of four treatment groups: control, BPA, stress, and 
BPA+stress. Treatment began once females had been placed in the male’s cage and 
continued until pups were delivered. Females were removed from the cages and placed in 
individual cages prior to delivery. Animals received food and water ad libitum and were 
maintained on a 12h light/12 dark cycle (lights on 08h00, off 20h00).  
Due to unanticipated issues with breeding only three females’ litters were used in 
this experiment. One female came from the BPA group and delivered six males and five 
females. Another female came from the stress group and delivered two males and four 
females. The final female came from the BPA+stress group and delivered six males and 
five females. Pups were 6 weeks of age when behavioral testing began. Pups were tested 
in the Morris Water Maze first for five days followed by testing in the Light/Dark Box 
for one day and testing in the Elevated Plus Maze for one day.  
 
Treatment 
BPA Treatment 
 BPA was administered daily during pregnancy at a dosage of 5mg/kg of body 
weight per day. BPA was dissolved in a 40% ethanol solution and pipetted onto a cheeto. 
The ethanol was allowed to evaporate and the cheeto was fed to the animal. In humans 
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the most common method of BPA exposure is via oral ingestion. Therefore, oral dosing 
was chosen for this experiment. This method of dosing was chosen for this experiment so 
as not to initiate any further stress within the mothers that may have been experienced via 
oral gavage. As this experiment assessed the effects of prenatal stress on behavior, any 
additional stress administered may have affected the results.  
 
Stress Treatment 
 Animals were exposed to a restraint stress paradigm for a total of an hour daily 
throughout pregnancy. Animals were restrained in clear plastic half cylinder restraint 
devices. Restraint stress treatment was either administered for the entire hour or split into 
two half hour periods daily. The time at which treatment occurred was varied daily 
between the hours of 08:00h and 20:00h to prevent habituation, which is known to 
decrease the HPA response (Fride and Weinstock, 1984).  
 
Behavioral Measures 
Morris Water Maze 
 The Morris Water Maze was used to assess spatial learning and memory in this 
experiment. This maze requires animals learn to associate visual cues with the presence 
of a submerged platform. The maze was set up in a large tub (65 inches in diameter, 23 
inches deep) (Figure 1). The platform was placed in the southwest quadrant of the tub and 
was completely submerged (Figure 1). The water was dyed with non-toxic water based 
white paint to inhibit the animal’s ability to see the platform. Visual cues were placed on 
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the walls surrounding the tub (Figure 1). The placement of the platform remained 
constant for each of the four days of the training period and was removed during the final 
day in which a probe trial occurred.  
 Each day animals had four trials in the maze, one trial at each of the four 
directional markers (N, E, S, W). . During the first trial, each animal was placed 
individually in the tub facing the wall at the N position. The rat was allowed to swim 
freely until it either found the platform or 60 seconds had passed. If the rat found the 
platform, it was removed, dried off, and placed under a heat lamp. If the rat failed to find 
the platform in 60 seconds, it was guided to the platform and held on the platform for 10 
seconds. This was done to allow the rat to associate the visual cues in the maze with the 
placement of the platform as well as to teach the rat that the platform was associated with 
removal from the water. All rats in the treatment group completed the first trial and were 
dried off, warmed up under a heat lamp, and given time to rest prior to beginning the next 
trial. Male rats were tested first in each treatment group and then female rats. Rats 
completed the remaining three trials beginning from the remaining three directional 
markers with rest in between each trial.   
 Rats completed this same procedure for a total of four days. On the fifth day a 
probe trial was conducted. During this trial, the platform was removed and the rat was 
allowed to swim freely in the tub for one minute. The amount of time the rat spent in the 
target quadrant where the platform was originally located, was recorded. All rats were 
placed in the tub facing the wall at the E directional marker. After 60 seconds, the rats 
were removed, dried, and placed under a heat lamp to warm up.  
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Figure 1: Diagram of morris water maze adapted from    
http://gru.edu/core/labs/sabc/morriswatermaze.php 
 
 
Light/Dark Box 
The light/dark box was used to assess anxiety for this experiment. A black box 
(dark portion of the apparatus) with an open top and an opening on one side was placed 
in an empty clear container (light portion of the apparatus) (Figure 2). At the beginning of 
the experiment a black board was used to cover the opening to the side of the black box. 
An additional black board was used to cover the top of the black portion of the apparatus 
during the experiment.  
Rats were placed in the dark side of the box and were allowed to habituate to the 
box for 15 seconds. After 15 seconds the board covering the exit hole was removed and 
the rat was allowed to move freely from the dark side of the box to the light side of the 
box and vice versa for 5 minutes. During this period, the amount of time the rat spent in 
the dark portion of the box and the light portion of the box was recorded. As rats are 
nocturnal, it is thought that they prefer being in dark spaces (the dark portion of the box) 
and are not as likely to explore light spaces (the light portion of the box). If the rat is 
E!N!
W!
S!
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more anxious it is expected that the rat will spend more time in the dark portion of the 
box than the light portion of the box. After five minutes, the rat was removed from the 
container and placed back in its home cage. The apparatus was cleaned using a 70% 
ethanol solution. All ethanol was allowed to evaporate before the next rat was placed in 
the apparatus. Male rats were tested first in each treatment group and then female rats. 
Figure 2: Diagram of Light/Dark Box. 
http://www.stoeltingco.com/anymaze/mazes/anxiety-depression/ 
light-dark-box.html 
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Elevated Plus Maze 
The elevated plus maze was used also to assess anxiety for this experiment. The 
maze consisted of a central square platform with four arms, two open and two closed 
arms extending from the platform to create a “plus” sign with the closed arms opposite 
from one another and the open arms opposite from one another (Figure 3). This maze was 
then elevated 22 inches by a wooden platform. The closed arms contained high clear 
walls, whereas the open arms had small 1-inch clear walls to prevent the rat from falling 
off of the platform. Testing in the elevated plus maze occurred in room 213 Mateer 
Biology building at the College of Wooster. 
Each rat was individually placed in the center of the platform facing an open arm. 
All rats were placed in the same position for their respective trial. The rat was then 
allowed to roam the maze freely for 5 minutes. During this time, the amount of time spent 
in the open arms and the amount of time spent in the closed arms was recorded. Once 
again rats were expected to prefer spending time in the closed arms as they are nocturnal 
and prefer dark environments. It is expected that if rat is more anxious, it will spend more 
time in the closed arms of the maze than the open arms of the maze. If the animal spends 
more time in the open portion of the maze the animal is considered less anxious as the 
animal is exploring more. Additionally, with the maze being elevated there is an added 
level of potential anxiety, as the rat would not want to fall off the maze. After 5 minutes, 
the rat was removed from the maze. The maze was then cleaned with a 70% ethanol 
solution and all ethanol was allowed to evaporate before the next rat was placed in the 
maze. Male rats were tested first in each treatment group and then female rats. 
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Figure 3: Diagram of the Elevated Plus Maze. 
http://www.stoeltingco.com/anymaze/mazes/anxiety-depression/elevated-
plus-maze.html 
 
 
 
Euthanasia and Brain Dissection 
Twenty-four hours following the completion of elevated plus maze at 7 weeks of 
age, animals were euthanized using isofluorane overdose according to methods approved 
by the College of Wooster IACUC. Immediately following euthanasia, brains were 
dissected and snap frozen using ethanol and dry ice for the stress and BPA+stress groups. 
The brains were then placed in a -80°C freezer. The BPA group was not snap frozen. 
Instead the samples were directly transferred to a -80°C freezer following dissection. 
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Western Blotting 
I used western blotting to determine the amount of NR2B NMDA receptor 
subunit expression levels in the hippocampus in the BPA, stress, and BPA+stress group. 
The hippocampus was dissected out and placed in lysis buffer. The tissue was then 
macerated using a pestle for 30 seconds. Samples were then centrifuged and the lysate 
was removed from the pellet.  
Total protein concentrations in samples were determined using BCA protein assay 
kit (Pierce Scientific). Samples were diluted to contain 25ug/ul of protein per sample and 
mixed with Laemmli buffer. Samples were boiled for 10 minutes to denature the proteins. 
Proteins were then separated using sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis (PAGE) for 30 minutes at 200V. Separated proteins were then transferred 
to nitrocellulose membranes at 30 mA overnight at 4°C. Membranes were blocked with 
5% non-fat milk in Tris-buffered saline with 0.1% Tween-20 (TBST) for 90 minutes and 
then incubated overnight at 4°C with a rabbit anti-NR2B polyclonal antibody in 5% milk 
in TBST (1:1000; Santa Cruz, USA). The membranes were washed 4 X 15 minutes with 
1X TBST and then incubated with a goat anti-rabbit horseradish peroxidase conjugated 
secondary antibody (1:5000; Santa Cruz, USA) for 90 minutes at room temperature.  
Membranes were washed 4 X 15 minutes with 1X TBST. Membranes were visualized 
using chemi-illuminescence using the SuperSignal West Dura Extended Duration 
Substrate Kit (Pierce Protein) using a BioRad ChemiDoc MP imaging machine. 
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Statistical Analysis 
 All statistical analyses were performed in SPSS. Data were tested for normality 
and homogeneity of variance for all statistical analyses. Latency to reach the platform 
data in morris water maze were found to be not normal and could not be normalized 
following several transformations. As there is no non-parametric test to compare repeated 
measures data and morris water maze data are always analyzed via a repeated measures 
ANOVA, a repeated measures ANOVA was used to analyze latency to reach the platform 
in the morris water maze. For the probe trial data in the morris water maze a one-way 
ANOVA was used to compare amount of time spent in the target quadrant in the BPA 
group, stress group and BPA+stress group. The amount of time spent in the light portion 
of the light/dark box in the BPA group, stress group and BPA+stress group was analyzed 
using a one-way ANOVA.  For the elevated plus maze data a one-way ANOVA was used 
to compare the amount of time spent in the open arms and the amount of time in the 
closed arms in the BPA, stress, and BPA+stress groups. Finally, for the western blot data 
a one-way ANOVA was performed comparing the amount of NR2B NMDA subunit in 
the hippocampus of the BPA group, stress group, and BPA+stress group.  
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RESULTS 
 
Morris Water Maze 
 
Significant differences in latency to reach the platform in the morris water maze 
in the BPA, stress, and BPA+stress groups were observed (Figure 4, F=3.772, p=0.37). 
Learning occurred in both the BPA group (Figure 4, F=4.137, p=0.001) and the 
BPA+Stress group (Figure 4, F=4.317, p=0.001). However, learning did not occur in the 
stress group (Figure 4, F=4.317, p=0.385).  The BPA+stress group had a significantly 
longer latency to find the platform than the BPA only group on day 1 (Figure 4, F=4.317, 
p=0.014). The stress group (Figure 4, F=4.317, p<0.001) and BPA+stress group (Figure 
4, F=4.317, p=0.023) did not differ from each other in their latency to reach the platform 
but both were significantly different from the BPA group.   
 There were no significant differences in the amount of time rats in the BPA, 
stress, and BPA+stress groups spent in the target quadrant during in the probe trial 
(Figure 5, F=0.793, p>0.05). 
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Figure 4: The latency for the rats in the BPA, stress, and BPA+stress groups to reach the      
platform in each day of training in the morris water maze. Error bars represent + SEM. * 
Indicates p<0.05; ** Indicates P< 0.001; NS Indicates no significant differences.  
 
 
Figure 5: The amount of time spent in the target quadrant in the BPA, stress, and 
BPA+Stress groups during the probe trial in the morris water maze. Error bars represent 
+ SEM. There were no significant differences among treatment groups.  
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Elevated Plus Maze 
There were no significant differences in the amount of time rats in the BPA, 
stress, and BPA+stress groups spent in open arms in the elevated plus maze (Figure 6, 
F=0.321, p>0.05). 
Figure 6: The amount of time spent in the open arms in the BPA, stress, and BPA+Stress 
groups in the elevated plus maze. Error bars represent + SEM. There were no significant 
differences among treatment groups.  
 
There were no likewise significant differences in the amount of time rats in the BPA, 
stress, and BPA+stress groups spent in the closed arms in the elevated plus maze (Figure 
7, F=0.665, p>0.05)! 
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! -24- 
Figure 7: The amount of time spent in the closed arms in the BPA, stress, and 
BPA+Stress groups in the elevated plus maze. Error bars represent + SEM. There were 
no significant differences among treatment groups.  
 
Light/Dark Box 
 There were no significant differences in the amount of time rats in the BPA, 
stress, and BPA+stress groups spent light portion of the light/dark box (Figure 8, 
F=1.828, p>0.05). 
Figure 8: The amount of time spent in the light portion of the light dark box in the BPA, 
stress, and BPA+Stress in the light/dark box. There were no significant differences 
among treatment groups.  Error bars represent + SEM. 
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Western Blotting 
 There were no significant differences in the amount of NR2B NMDA receptor 
subunits in the hippocampus in rats in the BPA, stress, and BPA+stress groups (Figure 9, 
F=1.960, p>0.05). However, the BPA+stress group showed decreased levels in 
comparison to the BPA and stress groups. This difference was not statistically significant.   
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A 
B 
Figure 9: The amount of NR2B NMDA receptor subunit levels in the hippocampus in the 
BPA, stress, and BPA+Stress groups. Protein levels were measured by NIH Image-J 
program and are expressed in arbitrary units (AU). A: Quantification of levels of NR2B 
NMDA receptor subunit levels. B: Western blot of NR2B NMDA receptor subunits. 
There were no significant differences among treatment groups.  Error bars represent + 
SEM. a) Indicates samples from BPA group. b) Indicates samples from Stress group. c) 
Indicates samples from BPA+Stress group.  
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DISCUSSION 
This study aimed to examine the combined effects of prenatal exposure to 
BPA+stress on learning, memory, and anxiety in rats. I hypothesized that prenatal 
exposure to BPA and stress independently would decrease learning and memory abilities, 
decrease NMDA NR2B receptor subunit levels, and increase anxiety. I further 
hypothesized that the combined treatment of prenatal exposure to BPA in combination 
with stress would produce further decreases in learning and memory capabilities in 
comparison to independent treatments as well as a further decrease in NMDA NR2B 
receptor subunit levels and further increased anxiety in comparison to the independent 
treatments.  
 
Treatment Effects on Learning and Memory 
Learning ability was decreased in the stress group compared to the BPA group. 
Interestingly, the combined BPA+stress group did not exhibit further deficits in learning 
behavior than the stress group. Therefore, the combination did not have an additive effect 
and did not further exacerbate any learning deficits caused by stress. This indicates that 
stress had a greater negative effect on learning than BPA.  However, due to the lack of a 
full control group, it cannot be determined whether BPA treatment affected the ability to 
learn the morris water maze.  
 Overall, learning occurred in both the BPA and the BPA+stress groups. However, 
learning did not occur in the stress group as evidenced by no change in latency to find the 
platform over the four-day training period. Therefore, this could indicate that stress had a 
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great negative impact on the ability to learn the maze. This failure to learn could be due 
to the small sample size of 6 rats.  
Additionally, on Day 1 there were significant differences between the BPA group 
and the BPA+stress group such that the BPA+stress group took significantly longer on 
average to find the hidden platform. This difference could indicate innate differences 
among groups, or that the two groups of animals were using different strategies to find 
the platform from the beginning of training in the morris water maze. If the two groups of 
animals were using different strategies in finding the platform this could indicate that the 
addition of stress to BPA treatment affected another portion of the brain used in spatial 
learning and memory that was not affected by BPA alone.  
Furthermore, on day 4, the BPA group showed significantly shorter latencies to 
reach the platform compared to the stress group and the BPA+stress group, however no 
differences were observed between the stress group and the BPA+stress group on day 4. 
The difference exhibited between the BPA group and both the stress group and the 
BPA+stress group indicates that the BPA group learned the maze faster than the stress 
group and the BPA+stress group. Furthermore, the combination of BPA+stress did not 
cause any further learning deficits than stress alone. This could indicate that BPA has the 
ability to recover some of the spatial learning deficits caused by the stress treatment. 
Additionally, the stress treatment group contained only 6 subjects and the BPA+stress 
and the BPA group contained 11 each. Therefore, the small sample size in that group 
could have affected the results obtained. Finally, there were no observed differences in 
the probe trial among the three groups. Therefore, the animals in all three groups 
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exhibited no differences in remembering the placement of the platform once the platform 
had been removed.  
These findings indicate that the treatments affected learning but not memory. 
Specifically, prenatal stress had significant negative implications on learning in 
comparison to prenatal exposure to BPA. However, the combination of prenatal exposure 
to BPA+stress did not further inhibit learning in this study. Furthermore, there were no 
differences in memory among the three treatment groups. This could indicate that after 
the animals learned the maze, their ability to remember the placement of the platform was 
not impaired. In addition, it could indicate that there was impairment in memory, 
however that impairment did not differ among the three treatment groups. As there was a 
lack of control in this study, we cannot determine whether the treatments impaired 
memory or whether the treatments had no effect on memory.  
 The combined BPA+stress group did not further exacerbate the learning deficits 
exhibited by the stress group. This could be due to the fact that BPA and stress interact 
and affect different systems in the body. Therefore, BPA may work to decrease learning 
abilities in one way whereas prenatal stress may work to decrease learning abilities by a 
different mechanism. However, this is unlikely because the additive effects would 
probably still be observed if BPA and stress interacted with different systems that 
ultimately initiate the same phenotypic outcome. It is more likely that BPA and stress 
have varying levels of effects on the learning and memory system such that prenatal 
stress is more detrimental than BPA to learning and memory processes. 
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 These findings support studies that have investigated the effects of prenatal stress 
on learning behavior but not memory behavior. Prenatal stress is known to have negative 
effects on learning and memory abilities (Lordi et al., 1997; Meek et al., 2000; Szuran et 
al., 2000; Son et al., 2006; Yang et al., 2006; Yaka et al., 2007; Cherian et al., 2009). In 
this study, prenatal stress only affected learning abilities. However, due to the lack of the 
control group, it cannot be concluded that memory was not affected by prenatal stress 
treatment as there is no baseline level of memory to compare the prenatal stress group to. 
Therefore, animals exposed to prenatal stress show deficits in learning but not in their 
ability to remember information once it has been acquired in comparison to the other 
treatment groups. Additionally, as I am unsure if BPA induced negative effects on 
learning abilities due to the lack of a control group, I cannot determine whether these 
findings align with the research on BPAs ability to decrease learning and memory 
behavior (Poimenova et al., 2010; Tian et al., 2010; Xu et al., 2010; Jasarevic et al., 2012; 
Kuwahara et al., 2013).  
 
Treatment Effects on NR2B NMDA Receptor Subunit Expression 
Western Blots revealed no significant differences in NR2B NMDA receptor 
subunit proteins among all three groups. Therefore, the combination of BPA+stress did 
not further affect the levels of NR2B NMDA receptor subunit levels than the individual 
BPA and stress treatments. However, it is unknown whether the individual treatments of 
BPA and stress affected NR2B NMDA receptor subunit levels in comparison to a control 
group. 
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It cannot be determined whether or not these findings align with those of previous 
studies due to the lack of control. Previous studies have indicated decreased NR2B 
NMDA receptor subunit levels in animals exposed to prenatal stress (Son et al., 2006; 
Yaka et al., 2007) and in animals exposed to prenatally to BPA (Xu et al., 2010). 
However, due to the lack of a control it cannot be determined whether the BPA and stress 
groups showed decreases in NR2B NMDA receptor subunit levels independently. 
However, it can be concluded that the combination of BPA+stress did not affect levels of 
NR2B NMDA receptor subunit levels in comparison to independent prenatal BPA 
exposure and prenatal stress exposure. 
These findings indicate that although there was a significant difference in learning 
behaviors among the three treatment groups, this difference was not mirrored on a 
physiological level by NR2B NMDA receptor subunit protein levels. Therefore, another 
mechanism must underlie differences in learning behaviors among the three treatment 
groups. The other receptor subunits of the NMDA receptor, NR1 and NR2A, were not 
analyzed in this study. Therefore, there could have been differences in those subunit 
levels that could affect the numbers of active NMDA receptors and ultimately effect 
learning abilities. Additionally, as the subunit of the AMPA receptor, gluR1, was not 
analyzed in this study, there could have been differences in this subunit that could affect 
LTP. 
There was no differences in memory among the three treatment groups as 
exhibited by performance in the probe trial. LTP is needed for memory formation 
(Baudry et al., 1993) and NMDA receptors are crucial to LTP (Baudry et al., 1993). 
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Therefore, the lack of differences exhibited in levels of NR2B subunit expression could 
indicate that LTP was not impaired, which supports the findings indicating there were no 
differences in memory among the three groups.  Therefore, it can be hypothesized that 
the ability to learn was affected through a different mechanism than LTP modulation.  
 
Treatment Effects on Anxiety 
 There were no significant differences in anxiety behavior among all three-
treatment groups. Therefore, the combination of BPA+stress did not further exacerbate 
any anxiety behaviors that would have been elicited by the treatments individually. Prior 
research indicates that BPA has both an anxiogenic (Chen et al., 2014; Cox et al., 2010; 
Diaz et al., 2013; Patisaul et al., 2012; Weinstein et al., 2013; Xu et al., 2012) and 
anxiolytic effects (Tian et al., 2010) depending on the paradigm in which it was 
administered. As there was no control for comparison, it cannot be determined whether 
BPA acted similarly to one or the other studies. Prenatal stress on the other hand has been 
found to induce anxiety in rodent offspring (De Souza et al., 2013; Miyagawa et al., 
2011; Vallee et al., 1997). Therefore, as it is known that prenatal stress induces anxiety, it 
can be speculated that the three treatments induced anxiety in the rodents to the same 
extent. However, further research is necessary to confirm that the treatments given in this 
study induce anxiety in comparison to a control group. 
 A number of adaptations could be made to this study to examine this research 
question more thoroughly. First, this study should be repeated with the presence of a 
control as well as an increased sample size. This would allow for confirmation of the 
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existing results as well as elucidation of the effects independent prenatal exposure to 
BPA and independent prenatal exposure to stress has on learning, memory, and anxiety in 
the comparison to a control group. Additionally, it would be interesting to determine 
corticosterone levels and BPA levels in the mothers following treatment. This would 
allow me to ensure that the treatment was having the expected effect on the animals with 
regard to increasing levels of corticosterone in stress treatments and with regard to 
increasing BPA concentration in the blood o the mothers. Despite this, there is no reason 
to doubt that the restraint stress treatment was ineffective, as this paradigm has been used 
in numerous prenatal stress studies (Cherian et al., 2009; Son et al., 2006; Schulz et al., 
2011; Szuaran et al., 2000; Yaka et al., 2007). As BPA was administered orally to the 
mother, this would allow confirmation that BPA administration treatment was effective in 
increasing circulating levels of BPA in the mothers. Also, it would be helpful to analyze 
maternal behavior with regard to treatment group. Maternal care can greatly affect the 
behavior exhibited of the offspring as well as the offspring’s physiology. If a rodent 
mother is inattentive, indicated by decreased licking and grooming behavior, her 
offspring show decreases in learning and memory behavior, which is correlated to 
decreased dendriditic arborisation (Liu et al., 2000; Bagot et al., 2009). Therefore, if 
maternal behavior differs between groups, this difference could affect their learning and 
memory abilities as well as anxiety responses.  
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Future Studies 
 There are numerous future studies that could be used to further examine the 
combination effect of BPA+stress. First, it would be interesting to examine the same 
question but through administration of the treatments during adolescence. This is another 
crucial time for development (Schneider, 2013) and exposure to excessive stress and 
BPA during this time could affect the ability of individuals to learn and remember 
information as well as their anxiety responses.  
Additionally, it would be interesting to adapt this study to investigate the dose-
dependent effects of BPA as well as investigate dosages that are lower than the approved 
EPA guidelines. Currently, the US EPA lowest observed adverse effect level (LOAEL) 
for humans is 50 ug/kg of body weight per day (Agency, 1998). Therefore, manufacturers 
use this guideline when integrating BPA into their products. There have been numerous 
studies in which effects are seen at doses lower than the EPA LOAEL. Therefore, 
examining this study with a lower dose of BPA could be advantageous to determine if the 
effects observed were also observed at smaller dosages of BPA. Additionally, research 
has indicated that some EDCs are more potent at lower doses and work in a non-linear 
fashion (Vandenberg et al., 2012). Therefore, even at low levels of exposure EDCs can 
have negative effects on human health.  
Furthermore, it has been seen that paternal exposure to BPA prior to conception 
can negatively affect offspring learning and memory abilities (Fan et al., 2013). 
Therefore, it would be interesting to see if pre-conception stress in combination with pre-
conception exposure to BPA affects learning and memory abilities and anxiety responses.  
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 The findings of this study indicate that the combined effect of prenatal exposure 
to BPA+stress did not further exacerbate learning deficits exhibited by prenatal exposure 
to stress. Additionally, BPA+stress did not affect memory in the morris water maze task. 
Furthermore, BPA+stress did not affect NR2B NMDA receptor subunit expression levels 
in the hippocampus. Also, BPA+stress did not affect anxiety responses more so than the 
independent exposure to BPA or stress. Therefore, it can be concluded that the 
combination of BPA+stress exposure prenatally had no additive effects with regard to 
learning, memory, and anxiety in the specific behavioral and physiological tests that were 
assessed in this study. 
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